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Semiconductor microcavities operating in the polaritonic regime are highly non-linear, high speed
systems due to the unique half-light, half-matter nature of polaritons. Here, we report for the
first time the observation of propagating multi-soliton polariton patterns consisting of multi-peak
structures either along (x) or perpendicular to (y) the direction of propagation. Soliton arrays of up
to 5 solitons are observed, with the number of solitons controlled by the size or power of the triggering
laser pulse. The break-up along the x direction occurs due to interplay of bistability, negative
effective mass and polariton-polariton scattering, while in the y direction the break-up results from
nonlinear phase-dependent interactions of propagating fronts. We show the experimental results
are in good agreement with numerical modelling. Our observations are a step towards ultrafast
all-optical signal processing using sequences of solitons as bits of information.
Solitons are perhaps one of the most exciting phe-
nomena in nonlinear physics. They occur when disper-
sive spreading is compensated through non-linear inter-
actions. Soliton formation has been demonstrated in nu-
merous systems such as nonlinear crystals and optical
fibers [1, 2] as well as atomic Bose-Einstein condensates
[3]. Solitons provide an underlying mechanism for pro-
cesses in nature such as propagation of signals in neu-
rons [4], cloud formation [5] and large amplitude waves
[6, 7]. Since solitons are robust against perturbations,
they are also used for applications in long-haul commu-
nications [8] as well as in all-optical on-chip signal pro-
cessing schemes [9].
In many aspects, solitons behave like artificial parti-
cles. Localised initial perturbations can split into two
or more solitary waves [10] resulting in the formation
of multi-soliton complexes (molecules), in which solitons
can dynamically move towards equilibrium spacing [11],
or exhibit complex oscillatory behaviour [12]. Trains of
bright conservative solitons have been reported in cold
atom condensates and were attributed to repulsive inter-
actions between solitons [13].
The first systems in nonlinear optics used to demon-
strate the formation of stable nonlinear patterns and soli-
tons were nonlinear resonators [14]. In microcavities in
the weak coupling regime the interplay between condi-
tions leading to single soliton or pattern formation has
been extensively studied [15–18]. Recently polaritons,
hybrid light-matter particles forming in the strong cou-
pling regime in semiconductor microcavities [19, 20], have
attracted significant interest. Non-linear hydrodynamic
phenomena such as superfluidity [21] and both integer
[22] and half vortices [23] have been observed in this sys-
tem. Importantly for applications in all-optical signal
processing, polariton systems possess giant Kerr-like op-
tical nonlinearity and can be manipulated on a picosec-
ond timescale enabling the construction of miniature po-
laritonic circuits and logic gates [24].
Microcavity polaritons are an open system far from
equilibrium. Recently bright polariton solitons have been
observed [25]. These bright spatial solitons exist when an
external pump fully compensates photonic losses and the
decay of the excitonic coherence and are therefore termed
dissipative. Dark soliton trains arising from the break-up
of polariton condensates in 1D conservative microcavity
system (no pump) were recently predicted theoretically
[26], whereas dissipative polariton soliton patterns in mi-
crocavities remain unexplored.
An understanding of soliton-soliton interactions is im-
portant not only for applications utilising solitons as in-
formation bits, but also to give an insight into the non-
linear properties of the polariton system.
In this article we study the fundamental mechanisms
of polariton soliton formation and, for the first time, we
demonstrate the formation of dissipative soliton patterns.
The interplay between bistability of the external pump
field, polariton-polariton scattering and polariton nega-
tive effective mass along the propagation direction en-
ables the formation of x-soliton arrays, i.e. bound soli-
tons following one after the other in space and time. Up
to 5 stable bound solitons were observed, which is sup-
ported by numerical simulations. We also observed stable
y-soliton arrays formed along the direction perpendicular
to the propagation direction, which arise due to changes
of the front velocity across the propagating beam profile.
RESULTS
In our work we used the same sample as described in
Ref. [25], a GaAs-based λ-cavity with 6 GaAs quantum
wells. The basics of soliton excitation are explained in
Fig. 1. In contrast to our previous work, the writing
pulse (WP) which triggers soliton formation is chosen
to be elongated (≈ 5 µm × 30 µm) along (Fig. 1(a))
or perpendicular to (Fig. 4(a)) the direction of soliton
propagation. We name the resulting patterns in the two
cases – x-soliton arrays and y-soliton arrays respectively
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2for ease of discussion. These are special cases of possi-
ble soliton patterns. X-soliton arrays are bound solitons
moving one after another, while in the case of y-soliton
arrays we observe multi-peak patterns along the trans-
verse direction moving as a single front. All experiments
reported here were performed in a single polarisation con-
figuration with the pump and WP co-circularly polarised
to minimise polarisation crosstalk [27].
X-SOLITON ARRAYS
Bright polariton solitons are supported by a contin-
uous wave (CW) pump resonant with the lower polari-
ton branch at high momentum k ≈ 2 µm−1. The pump
power has to be tuned into the bistability domain and
the soliton can be considered as a local switch from the
lower to the upper state on the bistability curve. Para-
metric polariton-polariton scattering from the pump pop-
ulates soliton harmonics over a broad range of k-vectors.
In order to excite x-soliton arrays, we apply the elon-
gated WP just at the edge of the Gaussian CW pump
spot (Fig. 1(a)), i.e outside the region where the pump
exhibits bistable behaviour. The WP is quasi-resonant
with the lower polariton branch and its transverse mo-
mentum kwp and energy ~ωwp are close to that of the
pump: kp ≈ 2.5 µm−1, ~ωp ≈ 1.54 eV. Full widths at
half-maxima (FWHM) of the WP are 30 µm by 5 µm
along directions x (soliton propagation direction) and y
(transverse direction) respectively, and the pulse dura-
tion is 5 ps.
As we showed previously, polariton solitons are trig-
gered at WP power densities above a certain thresh-
old [25]. At low WP powers only a small region in the
centre of the Gaussian WP is expected to excite a sin-
gle soliton whose size (healing length) is determined by
the polariton-polariton interactions and the cavity pa-
rameters [25]. At higher WP powers, the area across the
injected polariton wavepacket where solitons may be ex-
cited becomes larger than the healing length, so multiple
bound solitons are triggered. Figs. 2(a)-(d) show spatio-
temporal profiles of solitons for different WP powers. The
number of created solitons increases with the WP power,
as expected. At first, at a WP power of 0.1 mW, only
one soliton is excited (Figs. 2(a)), whereas at 0.2 mW
two parallel soliton traces are observed (Figs. 2(b))). No-
tably, as the WP power increases, the spacing between
solitons gradually increases and more soliton traces ap-
pear at higher WP power (Figs. 2(c, d, e)). The pro-
file of the four-peak structure along the x-axis is shown
in Fig. 2(f) with an average FWHM of a single peak of
≈ 7 - 8 µm, which is consistent with our previous observa-
tions. All four solitons travel at the same speed without
crossing each other indicating formation of stable soliton
patterns.
The important difference between solitons and disper-
sive wave packets is that the soliton dispersion is expected
to be linear due to polariton-polariton interactions [25].
FIG. 1. Basics of soliton excitation. (a) A semiconductor
microcavity is a planar Fabry - Perot resonator with two dis-
tributed Bragg reflectors (DBRs) on resonance with excitons
in quantum wells (QW). In the strong coupling regime, cou-
pling between excitons and optical modes (photons) results
in quasi-particles termed exciton-polaritons. In order to ex-
cite a soliton a large area of the sample is quasi-resonantly
illuminated with a continuous wave (CW) pump. This main-
tains the system in the low density state within the bista-
bility range and provides gain to sustain dissipative solitons.
Then a resonant writing pulse (WP) (red) with a duration
of a few picoseconds and focused into a small spot is used
to trigger the soliton formation, locally switching the polari-
ton system to the high density state, which then develops
into a soliton thanks to negative effective mass and nonlin-
ear polariton-polariton interactions. (b) Polariton dispersion
(solid black curve) of the lower polariton branch (LPB). The
CW pump is slightly blueshifted relative to the LPB and the
excitation angle is such that the injected polaritons have neg-
ative effective mass. Green – schematic of the linear soliton
dispersion resulting from the polariton-polariton scattering
from the pump state and triggered by the WP.
Experimental measurements of the energy vs momentum
for the observed single soliton and four-peak x-soliton
arrays are shown in Figs. 2(g, h). [28] In both case the
spectra show linear dispersion of the soliton emission at
all k-vectors down to zero in strong contrast to the dis-
persion of the lower polariton branch, which is parabolic
at k ≈ 0 (Fig. 1(b)). The yellow lines in Figs. 2(g, h)
show the intensity distribution of the soliton emission
versus energy with two maxima at around 1.534 eV and
1.536 eV. These peaks become narrower and more pro-
nounced with an increase of the number of soliton humps,
which has been predicted theoretically [29]. This narrow-
ing can be understood in the following way – the energy
profiles are a Fourier transform of the temporal soliton
pattern profile. For example, an infinite array of soli-
tons can be represented by the interference between plane
waves with different frequencies, and as a result its en-
ergy spectrum will be delta-function like, while in the
case of a finite soliton array the peaks in the spectrum
will have a finite linewidth. Overall, the k-space and real-
space observations indicate the transition to the regime
of parametric generation of a long sequence of solitons,
theoretically studied in Refs. [29, 30].
We have carried out the same measurements and ob-
tained very similar results for different values of kwp and
energies, Ewp. The soliton spectrum is broad and is
3FIG. 2. Experimental observation of x-soliton arrays.
(a)-(d) Streak camera images of a single soliton (a) and x-
soliton arrays (b)-(d) for different WP powers; t = 0 is the
WP arrival time. For each time (vertical axis), the horizontal
line shows the pseudo-colour intensity profile acquired along
a narrow slit aligned with the x-axis of the system. There-
fore, a soliton moving with a constant velocity appears as a
tilted straight line on these images. (e) Relative positions
and spacings of the centres of solitons as a function of the
WP power. (f) Profile of a four-peak x-soliton array in time
(as on (d)), where the average soliton duration is ≈ 6 ps and
the velocity is ≈ 2.2 µm/ps (time is arbitrary and not related
to the WP arrival time). (g), (h) Spectra of a single soliton
and four-peak x-soliton array at ≈ 30 ps; yellow lines show
energy intensity distribution along the spectrum.
populated by parametric scattering from the pump state
which can be triggered by a WP anywhere on the soliton
dispersion, thus allowing soliton creation by a wide range
of WP energies and k-vectors.
For numerical investigation of the system, we used
Gross-Pitaevskii equations describing coupled TE and
TM cavity modes interacting with the spin dependent
polariton field [25] and looked for quasi-circularly po-
larised soliton solutions moving in the direction of the
pump momentum (i.e. along the x-axis) [25]. The model
described in Ref. [25] has proved to include all the im-
portant features necessary to numerically reproduce the
experimental conditions of Refs. [25, 27], which are also
used in the present work. The soliton existence range in
FIG. 3. Numerical simulations of x-soliton arrays.
(a) Snake-like bifurcation diagram for the multi-peak solitons
in the case of infinite flat pump. E(x) is the electric field am-
plitude, Ebg is the amplitude of the homogeneous solution (in
the tails of the soliton), and Ep is the pump amplitude. (b)
The red line is an example of the exact five-peak x-soliton ar-
ray solution found for an infinite flat pump beam with ampli-
tude Ep = 0.06; the black line is the five-peak x-soliton array
generated in the numerical modelling reproducing the experi-
mental conditions of Gaussian pump profile, as in (e) and (f);
the blue line shows the Gaussian profile of the pump field.
(c), (d) Spatio-temporal dynamics resulting in the formation
of the single-peak (c) and four-peak (d) x-soliton array. The
pump field has a Gaussian profile with amplitude Ep = 0.06,
the corresponding boundaries of the bistability region (as in
(a)) are indicated by vertical dashed lines. The WP ampli-
tude is Ewp = 0.1 (c), and Ewp = 0.12 (d). (e), (f) Profiles in
pseudo-colour of multi-peak structures recorded in numerical
simulations after 25 ps as a function of the WP power. The
WP momentum exactly matches the pump momentum in (e)
and is offset by 3o in (f).
terms of the pump intensity, |Ep|2, is well approximated
by the bistability interval of the intracavity field [25].
We have computed the bifurcation diagram showing a
sequence of stable multi-peak solitons (Fig. 3(a)). The
diagram shows that for every given pump intensity (hor-
izontal axis) within the bistability range, stable soliton
solutions with different numbers of peaks are found de-
pending on the WP power (vertical axis). An example of
a five-peak x-soliton array is shown in Fig. 3(b). In our
time-dependent modelling we assumed a Gaussian profile
of the WP. With an increase of the WP intensity, there is
an increase in the number of peaks in stable multi-peak
4soliton solutions, see Fig 3(c,d), in agreement with the
experimental results on Fig. 2(a-e).
In practice, the profile of the pump beam is Gaussian
and therefore conditions for the soliton formation are met
only within a certain radius around the pump beam cen-
ter, where the pump intensity is large enough to bring
the cavity into the bistable regime.
In Fig. 3(b) we compare profiles found in the case of an
infinite flat pump with those moving through the Gaus-
sian pump. One can see that in both cases the peak
widths and peak spacings are closely matched. The peak
amplitudes, however, differ as the latter structure does
not spend sufficient time inside the bistability range to
fully stabilise itself.
Figs. 3(e, f) show how the number and relative posi-
tion of peaks varies with the WP power for the exactly
matched and slightly offset momenta of the pump and
WP beams respectively. Fig. 3(f) is in good agreement
with the experimental observations on Fig. 2(e); there
is an increase in the number of peaks with increasing
WP power and the spacings change in an irregular way
with increasing WP power, generally increasing at higher
power. Minimising the difference between kwp and kp
(preferably to zero) facilitates the generation of a regular
pattern of peaks.
The solitons are formed by scattering polaritons from
the pump state to populate the soliton spectrum. The
characteristic time of polariton scattering is approxi-
mately given by h/(gN), where g is the interaction con-
stant, N is the density (then gN is the blueshift). For
a blueshift of 0.3 meV, about 13 ps are needed to fully
populate the spectrum and form a soliton. The scatter-
ing can only occur once the trigger WP reaches the pump
bistability area. For a Gaussian pump spot, solitons will
only form after they have propagated a certain distance
through the pump spot irrespective of how far away the
WP is placed (Fig. 3(c, d)). For this reason, when the
WP power is high enough to excite a x-soliton array, the
solitons in the array tend to appear at approximately the
same position relative to the pump bistability boundary,
see Fig. 3(d).
Y-SOLITON ARRAYS
We note localisation along the x direction occurs due to
the interplay between the negative effective mass and re-
pulsive interactions. However, we observe that solitons in
the x-soliton train are also localised along the y direction
due to the interaction of propagating fronts combined
with the phase-dependent parametric nonlinearity [29].
Therefore, we observe an array of two dimensional soli-
tons, travelling one after another.
In the second set of experimental measurements we
investigated how localisation along the y direction affects
pattern formation along this direction. We elongate the
WP along the y direction, so it is ≈ 7 µm along the x-axis
and ≈ 30 µm along the y-axis. In this case we observe
FIG. 4. Experimental observation of y-soliton arrays.
(a) Experimental setup with the WP elongated along the y
axis. (b)-(e) 2D images of one- to four-peak arrays obtained
for different WP powers, P0 = 230 µW. (f) Profile of a four-
peak array along the y axis.
breaking of the initially smooth beam profile into a y-
soliton array, see Fig. 4.
As with the x-soliton arrays the formation of the pat-
terns only occurs in the soliton regime. The same ex-
periment when the pump power is below the bistability
regime never leads to formation of stable patterns, but
to a dispersive wavepacket.
The number of peaks created depends, as for the x-
soliton arrays, on the effective spot size of the WP.
Figs. 4(b)-(e) show real-space images of the emerging
structures for different WP powers. Peaks are spaced
by ≈ 8 µm, are of the size (FWHM) of ≈ 7 µm (see
Fig. 4(f)) and travel along the x direction within the
pump bistability area.
Similar to the x-soliton array, increasing the power
leads to the creation of additional peaks on the ’sides’
of the WP. It is important to note that the location of
solitons triggered in such a way does not depend on the
position on the sample: moving the sample by 10 µm
relative to the laboratory frame does not influence the
shape of the array. At the same time moving the WP
along the y axis relative to the pump and sample, which
are fixed in the laboratory frame, leads to the respective
shift of the soliton array trajectory.
In order to explain the above observations, we have
first taken a single hump one dimensional soliton localised
along the x direction and infinitely extended along y
and performed its linear stability analysis. This demon-
strated that it was stable with respect to any transverse
instabilities, which could lead to filamentation along the
y direction. If, however, we limit the extent of the soliton
5FIG. 5. Numerical modelling of y-soliton arrays. Nu-
merically modelled transverse distribution of the intracavity
optical intensity after 15 ps of propagation under the condi-
tions when the WP is elongated along the y-coordinate (as in
the experimental results shown in Fig. 4) and 3 degrees angle
between the WP and pump momenta. Note that this figure
is obtained for a single WP phase, while in the experiment we
average over all possible WP phases. After averaging phases
in the numerical modelling results are broadened, similar to
those seen experimentally.
stripe by imposing a Gaussian profile in the y direction,
then the change in the curvature of the soliton front leads
to changes of the front velocity across the beam profile.
This in turn leads to the breakup of the wavefront and
the formation of y-soliton arrays, as in experiment. The
latter process develops faster and is more pronounced if
a small angle between the pump and WP beams is intro-
duced (see Fig. 5).
CONCLUSIONS
In the present study we have shown the existence
and evolution of dissipative multi-soliton structures. X-
soliton arrays and y-soliton arrays can be triggered by
elongating the WP along the x and y directions respec-
tively. Increasing the WP effective size (by changing its
power) leads to the creation of larger structures with
more peaks. X-soliton arrays can be excited across a
broad range of initial conditions. This feature is typical
for dissipative systems, where the soliton shape and en-
ergy are predetermined by the system parameters rather
than the initial conditions.
We note that the physical mechanisms underlying
break-up in the x and y directions are very different. The
formation of y-soliton arrays results from inhomogeneity
across a wavefront in the transverse direction. In con-
trast, localisation and break-up in the x direction man-
ifests a transition from a single soliton regime towards
multi-peak parametric generation. An interesting exten-
sion of the study could be to use a WP which is large
in both the x and y directions to observe the formation
of more complex solitonic structures, although we have
not yet been able to excite such structures due to lack of
power density of the WP when it is spread over a large
area.
Finally we note that from the applied point of view this
study sets the framework for analysis of soliton-soliton
interactions in digital processing devices where polariton
solitons are used as data bits. Given the time separation
between solitons these devices are expected to operate at
speeds equivalent to a few hundred GHz clock rate.
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